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Abstract 

Lung cancer is the leading cause of cancer-related human deaths. Exploration of the mechanisms underlying the metastasis 
of cancer stem-like cells (CSLCs) will open new avenues in lung cancer diagnosis and therapy. Here, we demonstrated that 
CSLCs-derived from lung adenocarcinoma (LAC) cells displayed highly invasive and migratory capabilities via expressing 
high levels of P0U5F1 and MMP-2. We found that P0U5F1 directly regulated MMP-2 transcription via interaction with the 
promoter of MMP-2. P0U5F1 knockdown in LACSLCs reduced MMP-2 protein abundance, leading to inhibition of the cell 
invasion, migration and tumorigenesis potentials of LAC cells. Clinically, aberrantly high expressions of POU5F1 and MMP-2 
were inversely correlated with the survival of LAC patients, and the double-positive POU5F1 and MMP-2 showed the worst 
prediction for the patient's poor survival. These results indicate that POU5F1 can bind to the MMP-2 promoter for the 
degradation of surrounding extracellular matrix, and therefore promote invasive and migratory capabilities of LACSLCs. 
Moreover, our data implicate that the pathological detection of the double-positive expressions for POU5F1 and MMP-2 will 
be useful as diagnostic and prognostic biomarkers in LAC to advance anti-metastasis therapy. 
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Introduction 

Lung cancer is the leading causes of human deaths worldwide 
[1]. Despite the great advances in lung cancer therapeutics, the 
metastasis and treatment failure often result in recurrence and 
high mortality. One possible reason underlying therapeutic failure 
and human deaths is the presence of residual malignant cells that 
ultimately give rise to secondary tumors and metastases [2]. 

Up to date, accumulating evidence has been emerging that a 
small population of cells possess tumor-initiating activity in lung 
cancer and are termed as "cancer stem-like cells (CSLCs)" [3,4]. 
The presence of a small subpopulation of CSLCs might explain 
why so many lung cancers recur after treatment with surgery, 
chemotherapy and radiotherapy, even when most of the malignant 
cells seem to be killed after treatment [5,6]. Therefore, it is critical 
to uncover the biological characteristics and molecular mecha- 
nisms for the initiation and progression of CSLCs for the 
development of novel therapies. Previously, we successfully 
established an in vitro sphere culture system to isolate and enrich 
"lung adenocarcinoma cancer stem-like cells" (LACSLCs) and 
revealed that the POU homeobox gene family transcription factor 



POU5F1 (also known as Oct4) acts as a key regulator for the 
retention of self-renewal and tumorigenicity of LACSLCs [7]. 

POU5F1 is required to maintain the self-renewal of embryonic 
stem (ES) cells, and contributes to the sternness, tumorigenesis and 
metastasis of CSLCs [8-10]. It has been recendy reported that 
POU5F 1 promotes invasion and metastasis of some solid tumors 
through enhanced degradation of surrounding extracellular 
matrix, suggesting that this transcription factor may be useful as 
a potential therapeutic target against cancer and a novel tumor 
biological and prognostic marker [11,12]. However, the mecha- 
nisms of aberrant POU5F1 expression in lung cancer underlying 
invasion and metastasis remain elusive. 

In the present study, we demonstrated that POU5F1 expression 
was associated with the invasion and migration of LACSLCs and 
explored the underlying molecular mechanisms. The clinical 
significance of POU5F1 and matrix metalloproteinase 2 (MMP-2) 
expressions in the patients with lung adenocarcinoma (LAC) was 
also investigated. 
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Materials and Methods 

Ethics statement 

This study was strictly carried out in accordance with the 
recommendations in the Guide for the Care and Use of 
Laboratory Animals approved by the Institutional Animal Care 
and Use Committee of the Third Military Medical University. 
Human primary LAC specimens were harvested with patient 
consent. Each participant in this study was informed with written 
consent. Human primary LAC specimens were harvested and the 
protocol was approved by the Medical Ethics Committee of 
Southwest Hospital of the Third Military Medical University. 
Animal experimental protocols were performed in accordance 
with National Institutes of Health Sciences and approved by the 
Institutional Animal Care and Use Committee of the Third 
Military Medical University. 

Cell culture 

Human non-small-cell lung cancer (NSCLC) cell line A549 was 
purchased from the American Type Culture Collection (ATCC) 
(Rockville, MD) and cultured in DMEM medium supplemented 
with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 
100 U/ml streptomycin (Gibco, USA) in a humidified 37 °C 
incubator with 5% C0 2 atmosphere. Tumor sphere culture was 
performed as described previously [4,13-15]. 

Lentiviral shRNA, siRNA construction and transfection 

Lentiviral constructs and the primers targeting human Pou5fl 
short hairpin sequences were designed and prepared by Sunbio 
Medical Biotechnology (Shanghai, China). The shRNA expression 
lentivirus vectors were prepared by transient transfection of the 
lentiviral constructs into 293T cells to produce viruses. The 
resulting lentiviral POU5F1 -shRNA and control-shRNA were 
used to infect A549 cells. A control-shRNA was designed by 
mutation of the antisense nucleotides in the POU5F1 shRNA 
sequence. The plasmid constructs carrying a siRNA sequence 
targeting MMP-2 were designed and constructed as previously 
described [16]. Transfections were performed with Lipofectamine 
2000 (Invitrogen, Carlsbad, CA) according to the manufacturer's 
instructions. 

In vitro wound healing assay 

Confluent cells were wounded using a 200-uL pipette tip in six- 
well culture plates and incubated in DMEM with 5% or 10% of 
fetal bovine serum in the presence or absence of mitomycin C 
(10 Mg/mL). The wound width was photographed at Oh, 16h and 
24h post-scratch under a phase-contrast microscope. The migra- 
tion distances were measured and quantified as described 
previously [12]. The computer-assisted image software was used 
to quantify cell migration relative to the grid line border. 

In vitro invasion assay 

The cell invasive capacity was determined in a 24-well format 
using Transwell® inserts with 8 |Xm pore size, coated with 
Matrigel® (BD Biosciences, USA) as described previously [17]. 
Tumor spheres were trypsinized, resuspended in serum-free 
DMEM medium, and placed in the upper chambers of the 
Transwell® inserts (5x10 / well), and DMEM medium containing 
10% FBS was added to the lower chambers. The cells were 
allowed to invade through the membrane for 24 h and 
subsequently fixed with 4% paraformaldehyde in PBS. The non- 
invasive cells in the upper chambers were wiped off by a cotton 
swab and invasive cells were stained with crystal violet solution. 



The numbers of cells that had invaded to the lower surface of the 
inserts were counted under a light microscope. 

Tumorigenicity analysis in vivo 

For mice xenografts, adherent A549 monolayer cells and tumor 
spheres were dissociated to obtain single-cell suspensions. An equal 
number of cells (5 x 1 0 5 ) were diluted in serum-free DMEM 
medium and injected subcutaneously to four-week-old male nude 
mice (n = 5 each, Center of Experimental Animals, Third Military- 
Medical University, China). Mice were monitored every week for 
the appearance of subcutaneous tumors. At the end of 7 weeks, all 
mice were sacrificed and tumor engrafts were removed and 
measured. Tumor volume (TV) was calculated using the following 
formula: TV (mm' 5 ) = <fxD/2, where d and D represent the 
shortest and the longest diameters, respectively. In addition, the 
tumor tissues were fixed in buffered formalin and subsequendy 
performed to tumor histology and immunohistochemical analysis. 

Quantitative Real-time PCR (qRT-PCR) 

Total RNA was extracted from cancer cells using Trizol 
Reagent (Invitrogen, USA). qRT-PCR was performed using 
SYBR PrimeScript RT-PCR kit (TaKaRa, Japan) on a Rotor- 
Gene 6000 real-time genetic analyzer (Corbett Life Science, USA). 
The primers used for the PCR amplification of internal fragments 
of MMP-2 are listed as follows: 5'-CCACTGCCTTCGATA- 
CAC-3' (sense); 5'-GAGCCACTCTCTGGAATCTTAAA- 
3 '(anti-sense). Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was amplified as an internal control. Each sample was 
tested at least in triplicates. 

Western blot analysis 

Cell lysates of A549 monolayer cells and tumor spheres were 
prepared using RIPA buffer with protease inhibitors and 
quantified using BCA protein assay (Pierce, Rockford, IL). Protein 
samples (20 Hg) were loaded onto a 10% SDS-PAGE and 
transferred onto the PVDF membranes (Millipore, USA). Immune 
complexes were formed by incubation of mouse monoclonal MMP 
antibody (1:400; Abeam, USA), rabbit polyclonal POU5F1 
antibody (1:500; BD Biosciences, USA) and rabbit polyclonal 
Actin antibody (1:5000; Abeam, USA) at 4°C overnight, followed 
by incubation with horseradish peroxidase-conjugated secondary 
antibodies to mouse or rabbit IgG (1:5000; Invitrogen, USA). 
Immunoreactive protein was visualized using SuperSignal West 
Femto Trial Kit (Pierce, Rockford, IL) by an enhanced 
chemiluminescence detection system. 

Chromatin immunoprecipitation (ChIP) 

ChIP assay was performed with a ChlP-IT kit according to the 
manufacturer's protocol. Ultrasonic shearing conditions resulted in 
relatively uniformed DNA fragment in the size of ~300 bp. The 
remaining procedures were completed as previously described [7] . 
Genomic DNA was extracted from the precipitates and amplified 
by qRT-PCR. The primer pairs used for PCR to amplify MMP-2 
promoter region containing POU5F1 binding element were: 5'- 
CATGAC AACAGGCTTTGGATTAG-3 ' (sense) and 5'- AA- 
CAAACTCTTAGGCAACGAACC -3' (anti-sense). 

Immunohistochemistry (IHC) 

Immunohistochemical staining of tumor tissues and xenografts 
was performed on specimens using streptavidin-biotin peroxidase 
complex (SABC) method. Briefly, xenograft samples were fixed in 
4% paraformaldehyde at 4°C for 72 h and embedded in paraffin. 
The paraffin sections were incubated with primary antibodies at 
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4°C overnight. The slides were then reacted with biotinylated goat 
anti-mouse/rabbit IgG and avidin-biotin complex (ABC) (Beyo- 
time, China). For visualization of the antibody-antigen complex, 
chromogen reaction was carried out with diaminobenzidine (DAB) 
and the slides were examined under a light microscope. For 
quantification, IPP software (image-pro plus 6.0) was used to 
analyze the optical density of the images within 5 random fields at 
400 x magnification. The average optical density (AOD), namely 
IOD/area, was calculated. 

Transfection and luciferase reporter assay 

Construction and transient transfection of firefly luciferase 
reporter plasmid were performed as previously described [18]. 
The sequence of pGL3-MMP-2 promoter construct was con- 
firmed (Sunbio Medical Biotechnology, China). The shRNA- 
Control and shRNA-Pou5fl -infected A549 LACSLCs were 
seeded into 24-well plates (1 xlO 5 in each well). After 24 hours, 
the cells were co-transfected with pGL3-MMP-2 promoter and 
Renilla vector (pRL-TK: Promega, USA). Cell lysates were 
collected at 48h post-transfection and the relative luciferase 
reporter enzyme activity was measured using the Dual-Luciferase® 
Reporter Assay System (Promega, USA). Firefly luciferase activity 
was normalized to Renilla luciferase activity for each sample. 

Tissue microarray (TMA) analysis 

A total of 55 patients with primary LAC who received surgical 
resection were included. Tumor grades were defined according to 
the criteria of the World Health Organization. The Tumor-Node- 
Metastasis (pTNM) status of all LACs was assessed according to 
the criteria of the sixth edition of the TNM classification of the 
International Union Against Cancer [19]. The clinico-pathological 
characteristics of the patients were summarized in Table 1 . The 
TMA was constructed as previously described [20] . 



Statistical analysis 

All experiments were performed at least three times in 
triplicates. Data were presented as the mean ± SEM. Statistical 
analysis was performed using SPSS 13.0 software. Statistically 
significant difference was assessed by one-way analysis of variance 
(ANOVA) followed by multiple mean comparisons by Student- 
Newman-Keul's test. Statistical difference was considered signif- 
icant if P-value was less than 0.05. 

Results 

LACSLCs display highly migratory and invasive abilities 

In our study, we established a stable sphere culture system for 
isolating and enriching LACSLCs to elucidate their biological 
behaviors. As shown in Figure 1, A549 cells that were cultured in 
the SFM with EGF and bFGF generated non-adherent, multi- 
cellular sphere LACSLCs (Figure 1A), and these sphere LACSLCs 
displayed highly invasive and migratory capabilities in vitro (Figure 
IB and C) and in vivo (Figure ID). The results of in vitro wound- 
healing assay demonstrated that sphere LACSLCs migrated into 
the scratched area more rapidly than A549 monolayer cells. 
Furthermore, results from an in vitro Matrigel invasion assay 
showed that A549 LACSLCs displayed higher invasive capacity 
than A549 monolayer cells ( 1 37.5 ± 17.7 versus 49.7±9.2 invading 
cells/field). Moreover, A549 LACSLCs exhibited higher tumor- 
igenicity in vivo that led to larger tumor xenografts with enhanced 
invasion activity (Figure ID). Overall, these results indicate that 
LACSLCs are highly migratory and invasive in vitro and in vivo. 

POU5F1 and MMP-2 are aberrantly high expressed in 
LACSLCs 

In order to elucidate the underlying mechanism for the high 
migratory and invasive capabilities of LACSLCs, we examined the 
stem cell transcription factor POU5F1 and the zinc protease for 



Table 1. The expression of POU5F1 and MMP-2 in 55 cases of lung adenocarcinoma. 



Characteristics 


Subcategory 


Cases 


POU5F1 

high expression 


/'value 


MMP-2 

high expression 


/'value 


Age (years) a 


5= 59 


21 


10(47.6%) 


0.968 


16 (76.2%) 


0.498 




> 59 


34 


16(47.1%) 




23 (67.6%) 




Gender 


Male 


30 


15 (50.0%) 


0.657 


20 (66.7%) 


0.448 




Female 


25 


11 (44.0%) 




1 9 (76.0%) 




Tumor grade 


G1 


6 


1 (16.7%) 


0.280 


5 (83.3%) 


0.664 




G2 


20 


10 (50.0%) 




13 (14.2%) 






G3 


29 


15 (51.7%) 




21 (72.4%) 




pT status 


pT1-2 


42 


19 (45.2%) 


0.587 


31 (73.8%) 


0.395 




pT3-4 


13 


7 (53.8%) 




8 (61.5%) 




pN status 


pNO 


27 


9 (33.3%) 


0.042 


1 9 (70.4%) 


0.931 




pN1-3 


28 


1 7 (60.7%) 




20 (71.4%) 




M status 


MO 


53 


24 (45.3%) 


0.128 


38(71.7%) 


0.507 




Ml 


2 


2 (100.0%) 




1 (50.0%) 




Stage 


1 


24 


7 (29.2%) 


0.074 


18 (75.0%) 


0.872 




II 


9 


5 (55.6%) 




6 (66.7%) 






III 


20 


1 2 (60.0%) 




14 (70.0%) 






IV 


2 


2 (100.0%) 




1 (50.0%) 





a Mean age. 

doi:1 0.1 371 /joumal.pone.0083373.t001 
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Figure 1. LACSLCs derived from A549 cells exhibit highly invasive and migratory capabilities. (A) Morphology of sphere-LACSLCs 
derived from lung cancer A549 cell line. Representative images from light microscopy (monolayer cells lOx, LACSLCs 20 x) are shown. (B) Wound 
healing assay for cell migration of A549 LACSLCs and A549 monolayer cells. Representative images of cell migration into the wounded area at 0 and 
1 6 hours post-injury (left panel) are shown. Quantitative analysis shows wound repair capability of migrating cells at 1 6 h post-injury (right panel). (C) 
Comparison of invasive capability in A549 LACSLCs and monolayer cells detected by transwell assay. Representative images of invading cells 
visualized by crystal violet staining (20 x) (left panel). Quantitative analysis of cell invading capacity at 24 h after seeding (right panel). (D) Histological 
images by H&E staining under light microscopy. Tumors formed by A549 LACSLCs were highly invasive and the tumor cells invaded neighboring 
muscle layer (red arrows; 20 x). All experiments were carried out at least in triplicates and the data are presented as the mean ± SEM. Student f test 
was performed to evaluate the difference. 
doi:10.1371/journal.pone.0083373.g001 



degradation of extracellular matrix MMP-2. Immunostaining 
(Figure 2A) and western blot (Figure 2B) analyses showed that 
MMP-2 and POU5F1 were aberrantly high expressed in A549 
LACSLCs. Moreover, immunohistochemical analysis demonstrat- 
ed that the expression level of MMP-2 in tumor tissues formed by 
A549 LACSLCs was higher than that of tumors formed by A549 
monolayer cells (Figure 2C). Collectively, these results suggest that 
the aberrandy high expressions of POU5F1 and MMP-2 may play 
important roles in the regulation of cell migratory and invasive 
capabilities of LACSLCs. 

POU5F1 knockdown disrupts the cell invasion, migration 
and tumorigenesis potentials of LACSLCs 

To confirm the inhibitory effect of POU5F1 downregulation on 
cell invasion and migration, we examined whether knockdown of 
POU5F1 could reduce the migratory and invasive potentials of 
LACSLCs. As shown in Figure 3, LACSLCs containing shRNA- 
Pou5fl migrated much slower than control cells (Figure 3A and B). 
A549 LACSLCs with POU5F1 knockdown resulted in signifi- 
cantly decreased number of invading cells through the Matrigel to 



the lower chamber compared with shRNA-Control-infected A549 
LACSLCs (Figure 3C and D). Furthermore, the tumors formed by 
A549 LACSLCs with POU5F1 knockdown were much smaller 
than control cells (Figure 3E), and displayed diminished invasion 
into muscle layers. These results suggest that higher migratory and 
invasive capabilities of LACSLCs result from the aberrantly high 
expression of POU5F 1 . Moreover, we found that the cell invasion 
and migration capabilities were significantly inhibited after MMP- 
2 knockdown in LACSLCs (Figure 3F and G). 

POU5F1 knockdown represses the expression and 
activity of MMP-2 

Since POU5F1 and MMP-2 are significantly upregulated in 
LACSLCs, it would be of interest to investigate the relationship 
between these two molecules involved in cell invasion and 
migration capabilities. As shown in Figure 4A and B, qRT-PCR 
and western blot analysis revealed that the mRNA and protein 
levels of MMP-2 were markedly reduced in A549 LACSLCs 
containing shRNA-Pou5f 1 . ChIP analysis revealed that POU5F1 
bound to the MMP-2 promoter, suggesting that POU5F1 might 
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Figure 2. Examination of POU5F1 and MMP-2 by immunostaining and Western blot analyses. (A) Immunostaining of POU5F1 and MMP- 
2 observed by confocal scanning microscopy. (B) Expression of stem cell transcription factor POU5F1 was detected by Western blot. (C) 
Immunohistochemical analysis of MMP-2 protein in tumor tissues formed by A549 LACSLCs and monolayer cells. Representative images of MMP-2 
expression by IHC staining (20 x) (left panel). Quantitative analysis of MMP-2 protein levels in tumor tissues formed by A549 LACSLCs and monolayer 
cells. All experiments were carried out at least in triplicates and the data are presented as the mean ± SEM. Student f test was performed to evaluate 
the difference. 

doi:1 0.1 371 /journal.pone.0083373.g002 



be responsible for transcriptional activation of MMP-2 (Figure 
4C). Moreover, knockdown of POU5F1 significantly reduced the 
luciferase activity of a reporter construct containing MMP-2 
promoter (Figure 4D). Our results demonstrate that POU5F1 in 
LACSLCs regulates MMP-2 expression by directly targeting 
MMP-2 transcription. 

POU5F1 and MMP-2 are correlated with the survival of 
LAC patients 

The clinicopathological correlations with the expressions of 
both POU5F1 and MMP2 were examined on a TMA containing 
55 lung adenocarcinoma specimens to elucidate their associations 
with the survival of LAC patients (Table 1). Using the criteria 
described before, high expressions of POU5F1 (Figure 5 A) and 
MMP-2 (Figure 5B) were observed in 26 (47.3%) and 39 (70.9%) 
of 55 lung adenocarcinoma specimens respectively. We found that 
the high expression of POU5F1 correlated with an ascending 
pathologic node (pN) stage for lung adenocarcinoma (P= 0.042). 

By univariate analysis, high expressions of POU5F1 and MMP- 
2 were correlated with poor disease specific survival (DSS) of 
patients (P= 0.001, P— 0.073), respectively. Furthermore, we 
stratified patients into the three subgroups according to above- 
mentioned two unfavorable factors, i.e., GpO, Gpl and Gp2. As 
shown in Figure 5C, the median survival was the longest one in 
GpO versus the shortest one in Gp2 (i.e., 80.09 months for GpO, 
66.8 months for Gpl, and 38.1 months for Gp2, respectively, 
(P<0.001) (Figure 5C). Kaplan-Meier analysis demonstrated a 



significant impact of prognostic parameter tumor stage (P= 0.013) 
on DSS. 

Discussion 

CSLCs have previously been reported in various cancers and 
proved to play critical roles in the cancer initiation, development 
and recurrence as well as cancer therapeutic failures [21-24]. To 
date, little is known regarding the invasive and migratory 
phenotypes and their regulatory mechanism of CSLCs. In this 
study, we found that transcription factor POU5F1 was required 
for LACSLCs invasion and migration, and it could enhance 
MMP-2 expression by directly targeting MMP-2 promoter to 
initiate transcription. Moreover, aberrantly high expressions of 
both POU5F1 and MMP-2 are correlated with the survival of 
patients with LAC. 

It is well known that the POU domain transcription factor 
POU5F1 plays a pivotal role in the regulation of pluripotency 
characteristics in both somatic stem cells and CSLCs [8,25]. 
Recently, it has been reported that POU5F1 induces CSLCs 
properties and contributes to the tumorigenesis and metastasis in 
LAC [9], However, the mechanisms underlying the invasive and 
migratory potentials of CSLCs remain to be elucidated. Here, we 
confirmed that LACSLCs derived from A549 cells possess highly 
invasive and migratory abilities, and these cells expressed high 
levels of POU5F1 and MMP-2. MMP-2 and other members of the 
matrix metalloproteinases family are known to mediate invasion 
during development and metastasis, and are also regarded as 
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Figure 3. POU5F1 knockdown inhibits the cell invasion, migration and tumorigenesis potentials of A549 LACSLCs. (A) Representative 
images of wound healing assay for cell migration of shRNA-control or shRNA-Pou5f1 -introduced A549 LACSLCs. (B) Quantitative analysis of wound 
repair capability of A549 LACSLCs containing shRNA-control or shRNA-Pou5f1 at 24 h after seeding. (C) Representative images of invading cells 
containing shRNA-control or shRNA-Pou5f1 visualized by crystal violet staining (20 x). (D) Quantitative analysis of invasive ability of A549 LACSLCs 
containing shRNA-control or shRNA-Pou5f 1 . (E) Quantitative analysis of xenograft tumor volume formed by A549 LACSLCs containing shRNA-Control 
or shRNA-Pou5f1. (F) Quantitative analysis of wound repair capability of A549 LACSLCs containing siRNA-control or siRNA-MMP-2 at 24 h after 
seeding. (G) Quantitative analysis of invasive ability of A549 LACSLCs containing siRNA-control or siRNA-MMP-2. All experiments were performed at 
least in triplicates and data are presented as the mean ± SEM. Student f test was performed to evaluate the difference. 
doi:1 0.1 371 /journal.pone.0083373.g003 



putative tumor markers for clinical applications. [26-28] . MMP-2 
degrades extracellular matrix and releases stored pro-migratory 
factors to allow movement of the cells within tissues [29]. 
However, MMP inhibitors have proved to be unsatisfactory in 
clinical trials due to either lack of selectivity towards MMPs or 
appearance of major adverse effects [16,30]. The target-specific 
gene silencing of MMP-2 expression study exhibits the efficacy of 
siPvNA-MMP-2 in inhibiting LACSLCs invasion and migration, 
suggesting that MMP-2 may act as a potent adjuvant for gene- 
targeted therapy in LAC. 

The high expression levels of MMPs have been observed in the 
bladder cancer cells overexpressing POU5F1, suggesting that 
overexpression of POU5F1 upregulates genes of MMPs [1 1]. Our 
data indicate that both POU5F1 and MMP-2 may contribute to 
tumor initiation and invasion-metastasis phenotype of lung 
cancer. We revealed that the protein expression of MMP-2 was 
significandy decreased in LACSLCs after POU5F1 knockdown by 
shRNA strategy. Furthermore, ChIP and luciferase assays showed 
for the first time that depletion of POU5F1 with shRNA caused 
transcriptional downregulation of the endogenous MMP-2 gene 
and a MMP-2 promoter-reporter, suggesting that MMP-2 is a 



direct transcriptional target of POU5F1 in LACSLCs. Our 
findings support the concept that the necessary and sufficient 
action of POU5F1 in directiy activating expression of specific 
target genes for promoting LACSLCs invasion and migration. 
There is also possibility that POU5F1 can repress certain genes, 
particularly in cases where it may bind cooperatively with other 
transcription factors with repression activity to enhance cell 
invasion and migration, and this might explain its association 
with corepressor complexes. 

Since the pathogenesis and biologic behaviors of different 
subtypes of lung cancer are quite distinct, it is urgent to explore the 
advanced diagnostic methods and novel prognosis markers for 
different subtypes of lung cancer to improve the efficacy of cancer 
therapy. Our findings that POU5F1 can positively regulate MMP- 
2 expression to promote tumor cell invasion and migration of 
LACSLCs have important clinical implications. Although we did 
not observe a positive expression linkage between POU5F1 and 
MMP-2, the higher expression of each molecule was significandy 
associated with the poor prognosis, which is consistent with 
previous studies that POU5F1 and MMP-2 were reported to 
become independent risk factors for poor prognosis in lung cancer 
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Figure 4. POU5F1 knockdown in A549 LACSLCs represses MMP-2 expression and activity. (A) qRT-PCR analysis of MMP-2 mRNA 
expression in A549 LACSLCs after P0U5F1 knockdown. (B) P0U5F1 knockdown decreases the protein expression of MMP-2 in A549 LACSLCs detected 
by western blot analysis. (C) ChIP analysis of transcript factor POU5F1 binding to MMP-2 promoter. (D) Luciferase reporter assay demonstrates 
inactivation of the MMP-2 promoter after P0U5F1 knockdown in A549 LACSLCs. Cells were transiently transfected with a luciferase reporter construct 
using Lipofectamine 2000 reagent. After incubation for 24h, cells were harvested in passive lysis buffer, and the luciferase activities were measured by 
a luminometer using the luciferase assay system. All experiments were performed at least in triplicates and data are presented as the mean ± SEM. 
Student f test was performed to evaluate the difference. 
doi:10.1371/journal.pone.0083373.g004 



[14,31-33]. More importantly, we here determined for the first 
time that combined overexpression of these two molecules 
presented the worst poor prognosis of LAC patients, suggesting 
that the expression of POU5F1 and MMP-2 provides an 
advantage for cancer cells to maintain invasion and migration 
property in LAC. Thus, the combined pathological examination of 
POU5F1 and MMP-2 by IHC can be used as an additional tool in 



identifying those LACs with high-levels of CSLCs to provide a 
strong predictive biomarker in clinical management of LAC 
patients. 

In conclusion, our study demonstrates that POU5F1 and MMP- 
2 contribute to tumor invasion and migration phenotype of 
LACSLCs, and aberrantly high expression of POU5F1 can 
enhance MMP-2 expression by directly targeting the promoter 
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Figure 5. Characteristics of POU5F1 and MMP-2 expression in clinical tumor specimens and their correlations with LAC patients' 
survival. (A) and (B) Kaplan-Meier analysis of the correlations of POU5F1 and MMP-2 with poor disease specific survival (DSS) in 55 LAC patients. (C) 
The combined expression of POU5F1 and MMP-2 indicates poor DSS for LAC patients. Double positive expression for POU5F1 and MMP-2 shows the 
worse prediction for the patient's poor survival rates (P<0.001). GpO: POU5F1 (low expression) and MMP-2 (low expression); Gpl: POU5F1 (high 
expression) or MMP-2 (high expression); Gp2: POU5F1 (high expression) and MMP-2 (high expression). 
doi:1 0.1 371 /journal.pone.0083373.g005 
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of MMP-2. Moreover, we reveal that combined overexpression of 
POU5F1 and MMP-2 is correlated with the poor survival of 
patients with LAC. Our findings indicate that POU5F1 is required 
for controlling cell invasion and migration via direct regulation of 
MMP-2 in lung cancer, and support the idea that POU5F1 and 
MMP-2 will be useful as potential biomarkers of prognosis and 
novel targets for lung caner therapy. 
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